We have previously shown that the addition of exogenous granulocyte-macrophage colony-stimulating factor (GM-CSF) to nonactivated mouse peritoneal macrophages (MPM) limits Trypanosoma cruzi infections in vitro (E. Olivares Fontt and B. Vray, Parasite Immunol. 17:135-141, 1995). Lower levels of infection were correlated with a higher level of production of tumor necrosis factor alpha (TNF-␣) in the absence of nitric oxide (NO) release. These data suggested that GM-CSF and/or TNF-␣ might have a direct parasitocidal effect on T. cruzi trypomastigotes, independently of NO release. To address this question, T. cruzi trypomastigotes were treated with recombinant murine GM-CSF (rmGM-CSF), recombinant murine TNF-␣ (rmTNF-␣), or both cytokines in a cell-free system. Treatment with rmGM-CSF but not rmTNF-␣ caused morphological changes in the parasites, and most became spherical after 7 h of incubation. Both cytokines exerted a cytolytic activity on the trypomastigotes, yet the trypanolytic activity of rmTNF-␣ was more effective than that of rmGM-CSF. Viable rmGM-CSF-and rmTNF-␣-treated parasites were less able to infect MPM than untreated parasites, and this reduction in infectivity was greatest for rmGM-CSF. Treatments with both cytokines resulted in more lysis and almost complete inhibition of infection. The direct parasitocidal activity of rmTNF-␣ was inhibited by carbohydrates and monoclonal antibodies specific for the lectin-like domain of TNF-␣. Collectively, these results suggest that cytokines such as GM-CSF and TNF-␣ may directly control the level of T. cruzi trypomastigotes at least in vitro and so could determine the outcome of infection in vivo.
that injection of T. cruzi-infected mice with neutralizing anti-GM-CSF monoclonal antibodies (MAbs) induced the early appearance of parasitemia and aggravated cumulative mortality. In contrast, rmGM-CSF caused sharp decreases in both parasitemia and cumulative mortality in T. cruzi-infected mice (27) .
TNF-␣ exerts a cytostatic effect on Trypanosoma musculi (19) and has cytolytic activity against Trypanosoma brucei (22) . The cytolytic effect of TNF-␣ is mediated by a lectin-like domain (TIP domain) situated at the upper side of the triangular pyramide shape of this cytokine. This TIP domain is involved in the lysis of T. brucei by TNF-␣ and is different from the mammalian TNF-␣ receptor binding site. Cytolysis by recombinant murine TNF-␣ (rmTNF-␣) is inhibited both by N, NЈ-diacetylchitobiose (a disaccharide binding TIP) and by an anti-TNF-␣ TIP MAb directed against amino acids 99 to 115 of mouse TNF-␣ (23, 24) , suggesting that TNF-␣ recognizes glycosylated molecules expressed on African trypanosomes.
Taken together, these observations suggested that GM-CSF and/or TNF-␣ might have a direct effect on T. cruzi trypomastigotes. The aim of this study was to test whether GM-CSF and TNF-␣ have a direct parasiticidal effect on trypomastigotes, the extracellular form of the parasite which invades host cells.
MATERIALS AND METHODS

Parasites.
T. cruzi (Tehuantepec strain) was maintained by weekly intraperitoneal inoculations in BALB/c mice. To obtain large amount of parasites, trypomastigotes (2.5 ϫ 10 5 /rat) were inoculated to 700-rad X-ray-irradiated F344 Fischer rats (Iffa Credo, Brussels, Belgium). Trypomastigotes were obtained from the blood (containing 10 U of heparin/ml) of infected rats by ion-exchange chromatography on DEAE-cellulose (Whatman DE52) equilibrated with phosphate-saline-glucose buffer at pH 7.4 (14, 20) . Trypomastigotes were centrifuged (15 min, 1,800 ϫ g, 4°C) and resuspended in endotoxin-free phosphate-buffered saline (PBS) (30, 38) . T. cruzi epimastigotes were grown in GLSH medium (17, 38) at 28°C. Trypomastigotes and epimastigotes were resuspended in PBS supplemented with 1% D-glucose and 1% normal mouse serum (PBS-G).
Cytokines and reagents. rmGM-CSF was obtained by isolating the GM-CSF gene by PCR from the vector pCDNA I Amp-ORF GM-CSF, a generous gift of J. C. Renaud (Brussels, Belgium). It was cloned as a BglII-HindIII fragment in the bacterial expression vector pQE 30 (Qiagen GmbH, Hilden, Germany), giving a 5Ј His 6 tail. The resulting plasmid, pQE-moGMCSF, was transformed into Escherichia coli M15 cells. The expression of the recombinant protein was induced by the addition of 1 mM isopropyl-␤-D-thiogalactoside (Immunosource, Zoersel, Belgium). After 3 h of incubation, most of the rmGM-CSF was present in the bacteria as inclusion bodies (4) . The inclusion bodies were dissolved in lysis buffer (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris [Sigma Chemical Co., St. Louis, Mo.] [pH 8.0]) and loaded onto a Ni 2ϩ -nitrilotriacetic acid column (Qiagen). Bound rmGM-CSF was renatured by washing the column for 60 min with renaturation buffer (250 mM NaCl, 0.1 M Tris [pH 8.0]). Renatured rmGM-CSF was eluted from the column with a linear pH gradient. The purity of the eluted protein was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). rmGM-CSF appeared on the gel as a discrete band of 16.5 kDa. The biological activity of the rmGM-CSF was assessed in a proliferation assay (incorporation of 3 H-labeled thymidine) with the GM-CSF-dependent cell line NFS-60. rmGM-CSF was diluted in endotoxin-free PBS, aliquoted, and stored at Ϫ70°C until use. The endotoxin concentration was less than 15 pg/ml, as determined by the endotoxin test (Chromogenic, Mölndal, Sweden).
Recombinant murine IL-2 (rmIL-2) was used as the protein control and was produced in the same way as rmGM-CSF. Briefly, the mouse IL-2 gene was amplified from pRc-RSV-moIL-2, a generous gift of J. C. Renaud. By using PCR, a 5Ј BamHI site and a 3Ј KpnI site were added. The amplified product was sequenced and cloned in pQE 30 as a KpnI-BamHI fragment. This ligation resulted in the addition of a 5Ј His 6 tail. Plasmid pQE-moIL-2 was transformed into E. coli M15 cells. rmIL-2 was produced in the same way as rmGM-CSF. Purity was assessed by SDS-PAGE. rmIL-2 appeared on the gel as a single discrete band of 17 kDa. The biological activity of the rmIL-2 was assessed in a proliferation assay with the IL-2-dependent cell line CTLL-2. rmIL-2 was diluted in endotoxin-free PBS, aliquoted, and stored at Ϫ70°C until use. The endotoxin concentration was less than 15 pg/ml, as determined by the endotoxin test (Chromogenic).
TNF-␣ was obtained from Innogenetics (Ghent, Belgium). It was stored at Ϫ70°C until use in endotoxin-free PBS. The endotoxin concentration of the TNF-␣ solution was less than 15 pg/ml, as determined by the endotoxin test (Chromogenic).
Cytotoxic assay. T. cruzi trypomastigotes (10 6 /ml) were suspended in PBS-G; rmGM-CSF and rmTNF-␣ were added at the appropriate concentrations. The parasite suspensions were then incubated at 37°C in a 5% CO 2 and watersaturated atmosphere for various time intervals. An aliquot (10 l) was harvested every 30 min, and the number of parasites (motile and nonmotile trypomastigotes) was determined by counting in a Thoma's chamber under a light microscope. The viability of T. cruzi trypomastigotes was evaluated with the MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide] test (16) . Briefly, parasites were incubated with 25 l of MTT (Sigma) for 4 h at 37°C; 100 l of lysis buffer (20% [wt/vol] SDS in 50% N,N-dimethyl formamide) was added, and the parasites were incubated overnight at 37°C for color development. Optical density was then measured directly at 540 nm in an enzyme-linked immunosorbent assay reader (Titertek Multiscan MCC/340 MKII; ELAB, Helsinki, Finland). Parasites were fixed with methanol and stained with Giemsa stain. They were then observed under the light microscope to assess any morphological changes. Trypomastigotes were incubated with MPM (see below) to test their infectivity after cytokine treatment.
rmGM-CSF activity was neutralized by incubation for 1 h 30 with a neutralizing rat anti-GM-CSF MAb (MP1-22E9; immunoglobulin G2a; 10 g/ml; Endogen, Boston, Mass.) or another neutralizing rat anti-GM-CSF MAb (MP1-31G6; immunoglobulin G1; 10 g/ml; Endogen). Trypomastigotes were treated with isotype-matched MAb, PBS-G, or rmIL-2 (control protein).
rmTNF-␣ activity was inhibited by incubation for 1 h 30 either with N, NЈ-diacetylchitobiose (1 g/ml, Sigma) (20, 31) , an anti-TNF-␣ TIP MAb (10 g/ml)
FIG. 1. Effect of rmGM-CSF on the morphotype of T. cruzi trypomastigotes. (A)
T. cruzi trypomastigotes were incubated with rmGM-CSF, or with a mixture of rmGM-CSF and an anti-GM-CSF MAb, a control MAb, or rmIL-2 for 7 h, and the percentage of spherical forms was counted. There were no spherical forms of trypomastigotes when parasites were treated with PBS-G, even after 24 h of incubation (not shown). Data are means Ϯ SEM of three independent experiments performed in duplicate. ‫,ء‬ P Ͻ 0.05 compared with trypomastigotes treated with rmGM-CSF alone (Mann-Whitney U test). (B) Kinetics of the morphotype change caused by rmGM-CSF determined by incubating T. cruzi trypomastigotes with rmGM-CSF (62.5 ng/ml) at 37°C for various time periods. (23, 24) , or the anti-TNF-␣ MAb 1F3F3 (10 g/ml) (21). Trypomastigotes were treated with an isotype-matched MAb (10 g/ml) or PBS-G as a control.
Infection of MPM with T. cruzi. MPM were harvested from mice by washing their peritoneal cavities with chilled Hanks' balanced salt solution without Ca 2ϩ and Mg 2ϩ (pH 7.4) (GIBCO, Grand Island, N.Y.). They were allowed to adhere (10 5 cells/well) in eight-chamber LabTek slides (Nunc, Roskilde, Denmark) for 2 h at 37°C in a 5% CO 2 atmosphere. They were cultured in RMPI 1640 medium supplemented with HEPES (25 mM), glutamine (2 mM), fetal calf serum (10%; mycoplasma free and endotoxin concentration less than 27.5 pg/ml), penicillin (100 IU/ml), and streptomycin (100 g/ml) and incubated at 37°C in a 5% CO 2 atmosphere. Nonadherent cells were removed by washing with prewarmed RPMI 1640.
Trypomastigotes (10 6 parasites/ml) were incubated with rmGM-CSF and/or rmTNF-␣ for 7 h and washed in PBS. Cytokine-treated trypomastigotes (300 l) were then added to MPM. After 16 h, the cultures were washed to remove free parasites and cells were incubated for 48 h. Cells were fixed with methanol and stained with Giemsa stain. The percentage of infected MPM was recorded after examination under a light microscope of at least 200 cells per well.
RESULTS
rmGM-CSF alters the morphotype and impairs the infectivity of T. cruzi trypomastigotes. Suspensions of T. cruzi trypomastigotes were treated for 7 h with graded concentrations of rmGM-CSF, and morphological changes (transitions from slender to spherical forms) were monitored under a light microscope. rmGM-CSF induced the spherical morphotype in a concentration-dependent manner (Fig. 1A) . Most of the trypomastigotes (82% Ϯ 10% [mean Ϯ standard error of the mean {SEM}]) changed morphotype and became spherical following treatment with 62.5 ng of rmGM-CSF per ml, whereas only 17% Ϯ 5% remained slender. The formation of spherical forms was inhibited by an anti-GM-CSF MAb (MP1-22E9) at low concentrations of rmGM-CSF (15.6 and 31.25 pg/ml) only. Another neutralizing anti-GM-CSF MAb (MP1-31G6) was tested, but it did not inhibit the formation of spherical forms induced by rmGM-CSF treatment (data not shown). Morphotype changes were already evident after 3 h of incubation with rmGM-CSF (62.5 ng/ml) (Fig. 1B) . Most (92% Ϯ 20%) of the spherical trypomastigotes were viable as determined with the MTT test (16) . No morphological changes or impaired motility was observed with rmIL-2-treated trypomastigotes. Similar experiments with T. cruzi epimastigotes showed that rmGM-CSF treatment did not affect the morphotype of this insect-specific form (data not shown).
We tested whether the rmGM-CSF-mediated morphological changes affected the ability of T. cruzi trypomastigotes to infect MPM by comparing the infection of MPM by rmGM-CSFtreated trypomastigotes with a PBS control. The percentage of infected MPM (the index 100 corresponds to 60% Ϯ 6% infected MPM) was sharply reduced (a 75% Ϯ 10% reduction of infectivity was recorded) when trypomastigotes were incubated for 7 h with rmGM-CSF (62.5 ng/ml) ( Fig. 2A) . This proportion was reduced to a lesser extent (84% Ϯ 7%) when parasites were treated with a mixture of rmGM-CSF and anti-GM-CSF MAb MP1-22E9 (Fig. 2A) . Collectively, the data indicate that rmGM-CSF affects both the morphology and the infectivity of T. cruzi trypomastigotes.
rmTNF-␣ exerts a cytolytic activity on T. cruzi trypomastigotes and reduces their infectivity. Incubation of T. cruzi trypomastigotes with rmTNF-␣ for 7 h caused lysis of the parasites in a concentration-dependent manner (Fig. 3) . The nonlysed parasites remained slender, and there was no transition in morphotype (i.e., spherical forms). The cytolysis by rmTNF-␣ was inhibited by both N, NЈ-diacetylchitobiose (a disaccharide binding TIP) and an anti-TNF-␣ TIP MAb directed against the TIP sequence of mouse TNF-␣ (23, 24) . This finding shows that the lectin-like domain of TNF-␣ is involved in this activity. However, an anti-TNF-␣ MAb (1F3F3), reported to neutralize the cytotoxic effect of TNF-␣ on mammalian cell lines (21), did not significantly inhibit TNF-␣-mediated trypanolysis. No cytolysis was observed when epimastigotes were incubated with rmTNF-␣ under the same conditions (Fig. 3) .
When MPM were incubated with rmTNF-␣-treated trypomastigotes, a 70% Ϯ 6% reduction in infectivity was recorded (Fig. 2B) . The capacity of rmTNF-␣ to reduce the infectivity of the parasites was not affected by prior incubation of the cytokine with MAb 1F3F3. In contrast, prior incubation of rmTNF-␣ with an anti-TNF-␣ TIP MAb or N, NЈ-diacetylchitobiose significantly lowered the capacity of rmTNF-␣ to reduce the infectivity of trypomastigotes (Fig. 2B) . Thus, rmTNF-␣ lyses T. cruzi trypomastigotes and reduces their ability to infect MPM.
Combined activities of rmGM-CSF and rmTNF-␣ on T. cruzi trypomastigotes. As rmGM-CSF and rmTNF-␣ had direct but different activities against T. cruzi trypomastigotes, we investigated effects on the parasite of the two cytokines. Incubation of trypomastigotes with rmGM-CSF (62.5 ng/ml) and rmTNF-␣ (2,500 U/ml) for 7 h resulted in a higher level of
FIG. 2. Ability of rmGM-CSF-or rmTNF-␣-treated T. cruzi trypomastigotes to infect MPM. (A)
T. cruzi trypomastigotes were treated either with rmGM-CSF (62.5 ng/ml) or with a combination of rmGM-CSF (62.5 ng/ml) and anti-GM-CSF MAb MP1-22E9 (10 g/ml). The parasites were incubated for 7 h, washed, and incubated with MPM for 16 h. Free parasites were removed by washing, the incubation was continued for 48 h, and the percentage of infected MPM was determined. The percentage of infected MPM is given relative to the percentage of MPM infected with untreated trypomastigotes as a control (the index 100 corresponds to 60% Ϯ 6% infected MPM). Data are means Ϯ SEM of three independent experiments performed in duplicate. ‫,ء‬ P Ͻ 0.05 compared to MPM infected with PBS-G-treated trypomastigotes infecting MPM (Mann-Whitney U test). (B) T. cruzi trypomastigotes were treated either with rmTNF-␣ alone, with rmTNF-␣ in combination with either an anti-TNF-␣ MAb (1F3F3) or an anti-TNF-␣ TIP MAb, or with N, NЈ-diacetylchitobiose. The percentage of infected cells is presented as relative to macrophages infected with untreated trypomastigotes (control; 60% Ϯ 6% of the MPM were infected by untreated trypomastigotes). Data are means Ϯ SEM of three experiments performed in duplicate. ‫,ء‬ P Ͻ 0.05 compared to data obtained with PBS-G-treated trypomatigotes infecting MPM (Mann-Whitney U test).
parasite lysis than with PBS-incubated trypomastigotes (P Ͻ 0.05, Mann-Whitney U test) ( Table 1) . Lysis of the trypomastigotes by rmTNF-␣ and rmGM-CSF was inhibited by the anti-TNF-␣-TIP MAb or N, NЈ-diacetylchitobiose (Table 1) , whereas an anti-GM-CSF MAb (MP1-22E9) did not affect this activity (data not shown). The percentage of spherical forms was drastically reduced after rmGM-CSF-rmTNF-␣ treatment, suggesting that these spherical forms were more susceptible to the lytic activity of the two cytokines. Treatment with rmTNF-␣ and rmGM-CSF together resulted in even lower ability of the cytokine-treated trypomastigotes to infect MPM (P Ͻ 0.05, Mann-Whitney U test). This additional reduction presumably reflects additive effects of rmTNF-␣ and rmGM-CSF on infectivity, the 50% reduction in the number of viable parasites, or both. As rmGM-CSF and rmTNF-␣ together lyse more parasites than rmTNF-␣ alone, we analyzed the kinetics of T. cruzi lysis by rmTNF-␣ and/or rmGM-CSF over 24 h. After 3 h of incubation, a low yet significant lysis was recorded with rmGM-CSF-and rmTNF-␣-treated parasites only (Fig.  4) . After 7 h of incubation, the parasites were lysed by rmTNF-␣ alone but there was still significantly more lysis with rmTNF-␣ and rmGM-CSF together (P Ͻ 0.05, Mann-Whitney U test). Incubating the parasites with rmTNF-␣ alone or with rmTNF-␣ and rmGM-CSF together for 24 h resulted in maximal lysis (94% Ϯ 11% or 96% Ϯ 6%, respectively). Interestingly, after 16 h of incubation with rmGM-CSF alone, lysis of the trypomastigotes started as well, and most of the parasites (80% Ϯ 20%) were lysed by rmGM-CSF after 24 h.
DISCUSSION
We have previously reported that the addition of exogenous GM-CSF to nonactivated MPM substantially reduces T. cruzi infection in vitro (28) . This reduction is correlated with higher levels of TNF-␣ production and occurs in the absence of detectable NO production. Thus, NO is not solely involved in the control of T. cruzi infections, at least in vitro. Furthermore, neutralization of endogenous GM-CSF with a neutralizing MAb aggravates whereas injection of rmGM-CSF decreases both parasitemia and cumulative mortality of T. cruzi-infected mice (27) . These observations raised the possibility of a combined, direct effect of GM-CSF and TNF-␣ on T. cruzi trypomastigotes. Indeed, besides exerting pleiotropic effects on mammalian cells (18, 36) , these two cytokines have been shown to interact directly with parasites; for instance, GM-CSF acts as a growth factor for promastigotes of Leishmania mexicana amazonensis (5), and TNF-␣ was reported to stimulate the growth of Schistosoma mansoni (1) .
The direct effects of rmGM-CSF and rmTNF-␣ were thus tested separately on trypomastigotes. Our results indicate that the two cytokines affect T. cruzi trypomastigotes in different ways. (i) rmGM-CSF rapidly changes the morphotype of the trypomastigotes and strongly reduces their ability to infect MPM, although most of them remain alive. rmGM-CSF also lyses trypomastigotes but only after longer incubation periods (16 h). (ii) rmTNF-␣ has also a cytolytic effect on T. cruzi trypomastigotes, and lysis occurs after short incubation periods (7 h). Furthermore, TNF-␣ reduces the ability of trypomastigotes to infect MPM without affecting their morphology. The 
a T. cruzi trypomastigotes were incubated with rmGM-CSF (62.5 ng/ml), rmTNF-␣ (2,500 U/ml), or a combination of both cytokines. In some experiments, the combination of rmGM-CSF and rmTNF-␣ was first incubated with either an anti-TNF-␣ TIP MAb or N, NЈ-diacetylchitobiose. The trypomastigotes were washed after 7 h and the lysis, morphotypes and infectivities of the trypomastigotes were evaluated as described in Materials and Methods. As a control, MPM were incubated with untreated trypomastigotes (the index 100 corresponds to 60% Ϯ 6% infected MPM). Data are means Ϯ SEM of three independent experiments performed in duplicate.
b For all values, P Ͻ 0.05 compared to MPM infected with untreated trypomastigotes (Mann-Whitney U test).
antiparasite action of both cytokines is specific for the infective form of the parasite because the vector form (epimastigotes) was completely resistant to the parasitocidal activities of rmGM-CSF and rmTNF-␣.
Incubating the parasites in a medium containing rmGM-CSF cause rapidly the morphological changes of slender forms into amastigote-like forms which are noninfectious. Such changes also occur in medium devoid of cytokines. However, this transformation requires long incubation periods (24 to 48 h), and these amastigote-like forms are infectious (2) . Incubation of T. cruzi trypomastigotes with rmIL-2 had no effect on the parasite, showing that rmGM-CSF had a specific activity because the two cytokines were prepared by the same procedure.
The cytolysis of T. cruzi by TNF-␣ is similar to the trypanolytic activity of this cytokine on African trypanosomes such as T. brucei. This trypanolytic activity is mediated by the lectinlike domain of TNF-␣ and not by other TNF-␣ domains that bind to physiological TNF-␣ receptors on mammalian cells (22, 24) . The trypanolytic activity of TNF-␣ against T. cruzi also involves the lectin-like domain of TNF-␣ because this activity was sharply reduced after incubation with N, NЈ-diacetylchitobiose (33) and an anti-TNF-␣ TIP MAb (22) but not by the neutralizing anti-TNF-␣ MAb 1F3F3 (21) . Although TNF-␣ had only a weak trypanolytic activity against T. cruzi trypomastigotes (30% Ϯ 5% lysis after 7 h of incubation), its effect on parasite infectivity was significant (77% Ϯ 5% reduction). This activity was further lowered upon preincubation of the cytokine with N, NЈ-diacetylchitobiose and the anti-TNF-␣ TIP MAb (23) but not with the anti-TNF-␣ MAb 1F3F3 (21) . The data suggest that glycosylated molecules may act as receptors or ligands for TNF-␣. Lectins such as concanavalin A have been reported to have cytolytic activity against T. cruzi trypomastigotes (9); furthermore, T. cruzi trypomastigotes derived from the mammalian host have more and distinct concanavalin A receptors of various types than noninfective epimastigotes (10) . Thus, the lectin-like domain of TNF-␣ may be specific for glycosylated moieties that are selectively produced on T. cruzi trypomastigotes.
It is not clear which GM-CSF domain is implicated in the observed activity. At the optimum concentration (i.e., 62.5 ng/ ml), one of the two neutralizing anti-GM-CSF MAbs (MP1-22E9) tested reduced marginally the biological activities of GM-CSF against T. cruzi trypomastigotes. Thus, GM-CSF may also interact with T. cruzi via a lectin-like domain that is not recognized by the currently available anti-GM-CSF MAb.
The different activities of the two cytokines against T. cruzi trypomastigotes may reflect differences in the acceptor molecules for TNF-␣ and GM-CSF on the parasite and/or different mechanisms underlying cytotoxicity, morphotype transitions, and reduced infectivity. Indeed, the trypomastigotes used in this study were harvested from infected rats. Thus, this population probably contains parasites at various stages of development, and there may be some heterogeneity in the putative cytokine receptors on the parasite membrane. Treatment of parasites with a combination of both rmGM-CSF and rmTNF-␣ resulted in a higher percentage of lysed parasites than with rmTNF-␣ alone ( Table 1) . The rmGM-CSF-induced morphotype may be more susceptible to lysis by TNF-␣.
The individual and combined activities of GM-CSF and TNF-␣ were recorded in vitro and may not reflect their activities in vivo. However, parasitemia and cumulative mortality are lowered by injecting rmGM-CSF (500 pg per mouse every 2 days) into T. cruzi-infected mice (27) . If the cumulative effect of these repeated injections and the synthesis of endogenous GM-CSF are taken into account, concentrations in vivo are probably similar to those used in our in vitro experiments. Similarly, the concentrations of rmTNF-␣ used in our experiments (39 to 2,500 U/ml) may be also physiologically relevant. Indeed, it has been reported that T. cruzi infection causes a large increase in TNF-␣ production in mice and that TNF-␣ concentrations reach 3,200 to 6,400 U/ml in the serum of T. cruzi-infected mice (35) . In addition, transgenic mice producing high levels of soluble TNF-␣ receptors, which neutralize the effects of TNF-␣ in vivo, are highly susceptible to T. cruzi infections (32) .
Carbohydrate residues exposed at the surface of bacteria and parasites may bind many soluble factors with various effects. The binding of soluble cytokines to the parasite surface may be a major pathway for leukocyte recognition and activation. Cytokines bound to the surface carbohydrates of parasites may produce opsonin-like signals mediating attachment and phagocytosis by effector cells and may also trigger leukocyte FIG. 4 . Cytolytic activity of rmGM-CSF and rmTNF-␣ on T. cruzi trypomastigotes. T. cruzi trypomastigotes were incubated with rmTNF-␣ (2,500 U), rmGM-CSF (62.5 ng/ml), a combination of both cytokines, or PBS-G. Lysis of the trypomastigotes was determined at different time intervals ranging from 3 h to 24 h of incubation. Data are means Ϯ SEM of three independent experiments performed in duplicate.
cytotoxicity (12) . This activity may be similar to the direct lysis, mediated by anti-T. cruzi antibodies, which is inhibited by carbohydrates such as melibiose (9) . High levels of T. cruzi parasites in hosts with neutralized GM-CSF or TNF-␣ may be due to an impaired cytokine-dependent immunoprotective response such as NO release. Alternatively, a direct parasitocidal activity of TNF-␣ and GM-CSF on trypomastigotes could lead to lower infectivity in vivo even in the absence of NO release.
